Abstract-Inserting a dielectric between the absorber and rear metal electrode of a solar cell increases rear internal reflectance by both limiting the transmission cone and suppressing the plasmonic absorption of light arriving outside of the cone. We fabricate rear reflectors with low-refractive-index magnesium fluoride (MgF 2 ) as the dielectric, and with local electrical contacts through the MgF 2 layer. These MgF 2 /metal reflectors are introduced into amorphous silicon/crystalline silicon heterojunction solar cells in place of the usual transparent conductive oxide/metal reflector. An MgF 2 /Ag reflector yields an average rear internal reflectance of greater than 99.5% and an infrared internal quantum efficiency that exceeds that of the world-record UNSW PERL cell. An MgF 2 /Al reflector performs nearly as well, enabling an efficiency of 21.3% and a short-circuit current density of nearly 38 mA/cm 2 in a silicon heterojunction solar cell without silver or indium tin oxide at the rear.
I. INTRODUCTION

P
ANASONIC recently demonstrated an amorphous silicon/crystalline silicon heterojunction solar cell with a nearrecord certified efficiency of 24.7% [1] . This device had an open-circuit voltage (V oc ) of 750 mV-the highest ever reported for a single-junction crystalline silicon device and 44 mV higher than that of the record 25.0%-efficient UNSW PERL cell [2] , [3] -thanks to the displacement of the metal contacts from the wafer surface enabled by amorphous silicon (a-Si:H) passivation [4] , [5] . The 83.2% fill factor (FF) of the Panasonic cell was also slightly higher than that of the UNSW PERL cell, easing fears that silicon heterojunction solar cells could not reach high FFs [6] - [9] . However, the short-circuit current density (J sc ) was an enormous 3.2 mA/cm 2 lower than that of the UNSW PERL cell; had the Panasonic device duplicated Manuscript The total reflectance was split into front-surface and escape components by extending a linear fit of the total reflectance between 600-900 nm to longer wavelengths. Shadowing was determined from the ratio of the active-area and aperture-area J sc . The aperture-area J sc and equivalent current associated with each loss mechanism were calculated by integrating over the AM 1.5G photon flux density, reduced by the shadowing loss, and are indicated at right.
the J sc of the record cell, it would have had an efficiency of 26.7%. Much of the difference can be attributed to shadowing (the UNSW PERL cell was measured with a designated illumination area instead of an aperture area [3] ) and wafer thickness (98 versus 400 μm [2] ). Nevertheless, J sc losses due to parasitic absorption in the front a-Si:H, transparent conductive oxide (TCO), and rear metal electrode layers are a persistent problem in silicon heterojunction solar cells that become increasingly important as the wafer thickness is reduced [4] , [10] - [13] . Fig. 1 shows the measured external quantum efficiency (EQE) and total absorbance (1-reflectance) of a 96-μm-thick 20.8%-efficient silicon heterojunction solar cell fabricated in our laboratory. The figure has been divided into several regions according to loss mechanism to illustrate the relative importance of each mechanism and to motivate this study. Shadowing from the front screen-printed silver grid accounts for the largest loss, but parasitic absorption at wavelengths greater than 900 nm is nearly as significant. Interestingly, escape reflection due to imperfect light trapping is the least important loss, even in this 96-μm-thick cell, because the random-pyramid texture is excellent at confining light to the wafer. Were infrared (IR) parasitic absorption eliminated, J sc would increase by 1.2 mA/cm 2 in this device; from a recent Panasonic EQE spectrum, we estimate that J sc in their devices would increase by 0.8 mA/cm 2 , breaking the silicon efficiency record [14] . (Note that reducing IR parasitic absorption increases escape reflectance as well as 2156-3381 © 2013 IEEE EQE; hence the discrepancy between the loss in the figure and the potential gain above. ) We reported that IR parasitic absorption in silicon heterojunction solar cells arises from free-carrier absorption in both the front and rear TCO layers, as well as plasmonic absorption in the rear metal electrode [11] . The plasmonic loss occurs only for p-polarized light that is incident on the rear TCO above the critical angle, and only if the metal electrode is within the penetration depth of the resulting evanescent wave [15] . Consequently, one method to mitigate the loss in the metal electrode is to require the rear TCO layer to play an optical as well as electrical role by making it thick and very transparent [11] . An alternative approach is to make the rear TCO very thin so that it serves only an electrical contact function (or dispose of it altogether if a suitable doped a-Si:H/metal junction can be formed [16] ), and to add another layer specifically to suppress plasmon excitation in the metal electrode.
It is well known that dielectrics serve as efficient optical buffer layers when inserted between the absorber layer and metal electrode, increasing rear internal reflectance. In PERL-like cells, the silicon nitride (SiN x ), silicon dioxide, or aluminum oxide rear passivation layer (or passivation stack) simultaneously enhances reflectance [17] - [23] , and a zinc oxide buffer layer that also acts as a metal diffusion barrier is common in thin-film silicon solar cells [24] - [30] . The reflectance enhancement in PERL-like cells is frequently perceived to occur because the dielectric limits the cone of light that is transmitted to the lossy metal electrode. However, this explanation is incomplete: If sufficiently thick, the dielectric also works by inhibiting plasmonic absorption of light arriving outside of the critical angle [15] , [23] . In fact, we calculated that lowering the refractive index of the dielectric improves reflectance primarily by reducing the penetration depth and field strength of evanescent waves in the dielectric (generated by super-critical-angle light), not by narrowing the transmission cone [31] , [32] . From a purely optical perspective, the best rear dielectric layer for solar cells with micrometer-sized or larger rear textures has the lowest possible refractive index and a thickness greater than ∼200 nm [31] .
In 1993, Campbell et al. hypothesized excellent internal reflectance if a layer of magnesium fluoride (MgF 2 ), which has a refractive index of 1.37 at IR wavelengths, were inserted between the rear passivation layer and aluminum rear electrode in PERL-like cells [33] . Although MgF 2 has since been used extensively in double-layer antireflection coatings [2] , [34] , [35] , we are not aware of its implementation in a rear reflector. In this paper, we fabricate and characterize silicon heterojunction solar cells with MgF 2 /metal reflectors. These high-performance reflectors are particularly beneficial in silicon heterojunction cells that are being made on ever-thinner wafers to increase V oc . Nonetheless, the design can also be transferred to diffusedjunction cells-as Campbell et al. originally suggested-by depositing the MgF 2 layer on the rear passivation layer, or even to thin-film silicon cells with some modification.
II. EXPERIMENTAL
High-efficiency silicon heterojunction solar cells were fabricated on 250-μm-thick n-type float-zone wafers with a resistivity of 3 Ω·cm. The wafers were textured in a potassium hydroxide solution to remove saw damage and reveal random pyramids with (111) faces on both surfaces, and were chemically cleaned [5] . Prior to a-Si:H deposition, the wafers were dipped in diluted hydrofluoric acid to remove the native oxide. Intrinsic and p-type a-Si:H layers 5-10 nm thick were deposited on the front (sunward) side of each wafer; intrinsic and n-type aSi:H layers of the same thickness were deposited on the rear. All a-Si:H depositions were performed in an industrial parallel-plate plasma-enhanced chemical vapor deposition (PECVD) reactor powered at very high frequency (40.68 MHz). In several experiments, a-Si:H layers were codeposited on multiple wafers in the large-area reactor to form identical solar cell precursors. Additional details regarding our PECVD a-Si:H layers can be found in [36] and [37] .
Hydrogen-doped indium oxide/indium tin oxide (IO:H/ITO) bilayers approximately 75 nm thick were subsequently sputtered on the front of the solar cells using RF (for IO:H) and DC (for ITO) power. As with PECVD, these layers were codeposited on cells that were to be compared. The IO:H sublayer has an electron mobility μ e > 100 cm 2 /V·s and thus provides low-resistance lateral transport with minimal free-carrier absorption [38] - [41] ; the ultrathin ITO super-layer forms a lowresistance contact to the silver front electrode grid. Additional details regarding these bilayers can be found in [41] . In one experiment, in which only reflectance was measured, an IRtransparent SiN x layer was deposited in place of IO:H/ITO using PECVD, and the gas ratios were tuned to yield a layer with similar refractive index to IO:H/ITO.
To form MgF 2 /metal rear reflectors, an ITO or aluminumdoped zinc oxide (ZnO) layer 10-20 nm thick was first sputtered over the entire rear surface. The oxygen partial pressure during sputtering was adjusted until the Hall free-electron density (n e ) of the ITO or ZnO film was below 1 × 10 20 cm −3 [11] , [42] so that the film was very transparent. Next, an MgF 2 layer 300-400 nm thick was thermally evaporated onto the rear surface through a fine stainless-steel mesh that acted as a shadow mask. The mesh and wafer were in intimate contact during evaporation and the wafer was not rotated. Finally, a silver or aluminum layer 100-200 nm thick was deposited over the entire rear surface using DC sputtering. As a reference, the same reflectors were fabricated without the MgF 2 layer. Our previous best reflector served as yet another reference; this reflector is comprised of an ITO/Ag stack in which the ITO layer is highly transparent (low free-electron density) and approximately 150 nm thick [11] . Film thicknesses were measured with profilometry on glass substrates that witnessed each deposition. The measured thicknesses were divided by the ratio of the textured to planar surface areas (1.7) to obtain thicknesses on the textured wafers.
Silicon heterojunction solar cells were completed by screen printing a silver grid electrode on the front IO:H/ITO layer. Each wafer had four 4-cm 2 cells and a nonmetallized area for EQE and reflectance measurements. The total reflectance of solar cells and solar-cell-like structures was measured with a dual-beam spectrophotometer using an integrating sphere. The total reflectance at a wavelength of 1200 nm was taken as the sub-bandgap reflectance (R sub ). EQE measurements were performed without voltage bias using a commercial instrument that utilizes a lock-in technique, and active-area J sc was calculated by integrating EQE over the AM 1.5G photon flux density. Aperture-area current-voltage characteristics were recorded under AM 1.5G illumination, and the output characteristics of the four cells on each wafer were averaged. Select solar cells were cleaved and their cross sections were imaged with scanning electron microscopy (SEM).
III. RESULTS AND DISCUSSION
A. MgF 2 /Metal Reflector Design
We previously measured and simulated a sub-bandgap reflectance of R sub > 90% for the SiN x /c-Si/MgF 2 /Ag structure depicted in Fig. 2 when the MgF 2 thickness was greater than 200 nm [31] . This structure, which represents the optical equivalent of a silicon solar cell with the least IR parasitic absorption that we can fabricate (average rear internal reflectance greater than 99.5% [15] ), provides the basis for the MgF 2 /metal reflector developed here. Fig. 2 shows the evolution of the subbandgap reflectance-a metric of parasitic absorption-as layers are added consecutively to the aforementioned structure until a completed silicon heterojunction solar cell is constructed. Introducing doped a-Si:H layers and an ultrathin rear ITO layer, as well as structuring the MgF 2 layer, is surprisingly benign. Only replacing the front SiN x layer with IO:H/ITO causes an appreciable drop in sub-bandgap reflectance because, despite its high mobility and low free-electron density (n e ≈ 1 × 10 20 cm −3 ), the TCO layer absorbs some IR light. This underscores an important point: A high-performance rear reflector will not benefit a cell that has significant parallel IR parasitic absorption processes (e.g., emitter free-carrier absorption) [11] . Despite absorption in the front TCO, R sub = 65% in the completed device in Fig. 2 . Based on the correlation between R sub and J sc [31] , this 250-μm-thick cell should generate 99.5% of the current it would produce if there were no IR parasitic absorption (R sub = 100%).
As shown in Figs. 2 and 3(a), local contacts through the insulating MgF 2 layer are necessary to collect electrons at the rear of the cell. The contact design requirements are relaxed compared with those for PERL-like solar cells because these local contacts are through an optical-not passivation-layer. In particular, a relatively large contact fraction can be tolerated since only internal reflectance will suffer in the contacted areas, and thus current crowding and the associated increase in series resistance are not a concern [43] , [44] . Additionally, the pitch between contacts can be up to 500 μm before incurring a 5% increase in the lumped series resistance of the cell caused by lateral transport in the wafer. (The wafer sheet resistance is approximately 100 Ω/sq.) There are several methods available to structure the MgF 2 layer in accordance with the above lenient requirements; we masked cells with a wire mesh during MgF 2 evaporation. The mesh was chosen such that 88% of the cell surface is covered with square MgF 2 patches approximately 200 μm on a side, and the contact openings are 25 μm wide [see Fig. 3(d) ]. The SEM images in Fig. 3(b) and (c) confirm that a nearly conformal and visibly porous MgF 2 layer 300 nm thick is deposited everywhere except in the local contacts [45] , [46] , where the silver electrode makes direct contact to the ultrathin ITO layer. The ITO layer is included to form a low-resistance contact between the n-type a-Si:H layer and silver electrode [11] . For convenience, the ultrathin ITO layer will be left out of the reflector name for the remainder of this paper (e.g., the cell in Fig. 3 will be said to have an MgF 2 /Ag reflector), although an ITO layer (or, later, a ZnO layer in its place) is always present when an MgF 2 layer is present. 
B. Performance of Cells With MgF 2 /Ag Reflectors
The average output characteristics of silicon heterojunction solar cells with MgF 2 /Ag reflectors are shown in Fig. 4 . For comparison, codeposited cells were fabricated with our previous best rear reflector, which consists of a full-coverage ITO/Ag stack in which the ITO layer is approximately 150 nm thick and has n e < 5 × 10 19 cm −3 [11] . This previous best rear reflector was employed in a certified 22.1%-efficient cell with J sc = 38.9 mA/cm 2 [47] . V oc is insensitive to the design of the rear reflector, and J sc is 0.4 mA/cm 2 higher with the MgF 2 /Ag reflector-as was the aim. FF is also slightly elevated, confirming that the additional lateral transport in the wafer makes a negligible contribution to series resistance. The increase in FF is not statistically significant (although we have observed a similar improvement in other codeposited comparisons); if it is real, however, a possible explanation is the evolution of the properties of ITO with thickness. Although we reported no significant variation in FF for cells with varying rear ITO thickness and nearly constant mobility and free-electron density, we also noted that the deposition recipe had to be adjusted with thickness in order to achieve this constant mobility and density [11] . Here, the same recipe was used for the ultrathin rear ITO contact layer in the MgF 2 /Ag cell and the thick ITO layer in the previous best cell, and we thus expect that the layers do not have the same mobility and carrier density. As a result of both higher J sc and FF, the cells with MgF 2 reflectors outperform our previous best device design and achieve an average efficiency of 21.3%. The best cell falls short of our 22.1%-efficient internal record only because of slightly poorer blue response, attributed to thicker front a-Si:H layers, and 2% lower pseudo-FF resulting from inferior surface passivation at low injection (minority-carrier lifetime at maximum power point of 4.4 ms compared with 6.3 ms for our record cell).
The EQE and total absorbance of the solar cells in Fig. 4 are shown in Fig. 5 . The cells have identical response and reflectance at UV and visible wavelengths because the layers at their front sides were codeposited. As anticipated, the source of Fig. 5 . External quantum efficiency (solid lines) and total absorbance (dashed lines) of silicon heterojunction solar cells with our newly developed and previous best rear reflectors. These spectra were measured on the cells in Fig. 4 . Fig. 6 . Internal quantum efficiency of codeposited silicon heterojunction solar cells with and without MgF 2 layers, and with aluminum or silver rear electrodes. The active-area J sc gain from the addition of an MgF 2 layer is given for each electrode material. Also plotted are the most recently published IQE of the Panasonic (formerly Sanyo) heterojunction cell [48] and the IQE of the UNSW record PERL cell [2] .
the J sc enhancement in Fig. 4 is the superior internal reflectance of the MgF 2 /Ag reflector, which simultaneously increases EQE and escape reflectance. Further attempts to improve this reflector will be futile unless the wafer is extremely thin. For this 250-μm-thick cell, only 0.2 mA/cm 2 remains to be gained by eliminating IR parasitic absorption altogether (consistent with our calculation from the sub-bandgap reflectance in Fig. 2 ).
C. Practical MgF 2 /Al Reflectors for Commercial Solar Cells
Silicon heterojunction solar cells with MgF 2 /Ag reflectors have higher IR internal quantum efficiency (IQE) than the 25%-efficient UNSW PERL cell (see Fig. 6 ), despite a thinner wafer and an IR-absorbing front TCO. The reflector therefore seems a likely candidate for inclusion in the next record-efficiency silicon cell, but it is perhaps otherwise not of great practical value. The expense of the additional processing step cannot be justified in a commercial setting, especially because the previous best ITO/Ag reflector was already excellent and, as mentioned earlier, the benefit is realized only if there are no other overpowering sources of IR parasitic absorption in the cell. In silicon heterojunction solar cells, this means that the front TCO must have μ e > 50 cm 2 /V·s; an ITO layer with μ e = 30 cm 2 /V·s that is optimized according to the J sc -FF tradeoff (n e ≈ 3 × 10 20 cm 2 /V·s [10] ) will be too absorbing to see much benefit from an improved rear reflector [11] . If, however, an MgF 2 layer could eliminate the J sc loss incurred when switching from a silver to an aluminum rear electrode [21] , [31] , then its cost may be more than offset by the savings from the cheaper metal (US$ 0.02/W at today's prices for a 200-nm-thick metal layer). Fig. 6 shows the IQE spectra of codeposited silicon heterojunction solar cells with Al, MgF 2 /Al, Ag, and MgF 2 /Ag reflectors. As before, an ultrathin ITO contact layer was used in cells with silver; in cells with aluminum, ITO was replaced with ZnO to form a good contact, as is typical in thin-film silicon solar cells [27] . Additionally, this replacement adds to the cost benefit of switching from silver to aluminum. (Note that, because they are thin and have very low free-electron densities, both employed ZnO and ITO layers have negligible IR absorption (see Fig. 2 ) and can be considered optically equivalent). Without an MgF 2 layer, the aluminum electrode is a very poor reflector: R sub = 19%, indicating that 81% of light is absorbed parasitically at 1200 nm, most of it in the aluminum. By adding an MgF 2 layer, however, active-area J sc increases by 1.5 mA/cm 2 or 4% as the IR IQE surpasses the most recently published IQE from Panasonic and approaches that of the UNSW PERL cell [2] , [48] . Active-area J sc with the MgF 2 /Al reflector is also just 0.3 mA/cm 2 lower than that with the MgF 2 /Ag reflector, reaffirming that MgF 2 is a great equalizer: The optical screening it provides reduces the sensitivity of the cell to the reflectance of the metal electrode, and thus the electrode material can be selected based on, e.g., cost or solderability. Fig. 7 displays the current-voltage characteristic of the best 4-cm 2 screen-printed silicon heterojunction solar cell we fabricated with an MgF 2 /Al reflector and ultrathin ZnO contact layer. It produces nearly 38 mA/cm 2 at short circuit and has a power conversion efficiency of 21.3%.
IV. CONCLUSION
We have demonstrated an MgF 2 /Ag reflector that gives exceptional rear internal reflectance and, when implemented in a silicon heterojunction solar cell with a high-mobility front TCO, excellent IR IQE. An MgF 2 /Al reflector performs nearly as well, and in this case the boost in performance provided by the MgF 2 layer may warrant the additional processing step in a manufacturing line. The reflector concept introduced here, in which local contacts through a low-refractive-index insulating layer are made for an optical rather than passivation gain, may be transferred to other cell structures. For example, an MgF 2 /metal reflector is expected to be particularly advantageous in thin-film silicon solar cells grown on metal foils, though the contact pitch will need to be reduced to compensate for the high lateral resistivity of the absorber. This could be accomplished by, e.g., spraying onto the metal foil polymer microspheres that act as a mask during MgF 2 evaporation, and subsequently dissolving them. 
